In vitro fertilization (IVF) is widely used clinically [1, 2] and experimentally [3, 4] for treatment of infertility. In transgenic mice, both male and female animals occasionally suffer from infertility in natural mating, presumably due to insertion of a foreign gene into the genome or disruption of the targeted gene of interest [5] . Thus, IVF has been applied to the establishment or maintenance of transgenic mice lines that exhibit subfertility and infertility such as oligospermia and low motility of spermatozoa. When fertilization cannot be achieved by conventional IVF methods due to low quality or quantity of spermatozoa, partial zona pellucida dissection (PZD) or intracytoplasmic sperm injection (ICSI) techniques seem to be effective "assisted reproductive techniques" (ARTs) in mice. However, one drawback of PZD is the requirement for the PZD zygotes to be cultured in vitro up to the morula or blastocyst stage prior to embryo transfer because blastomeres often escape from the slit of the zona pell uc ida during the early stages of em bryoni c development and attach to epithelial cells of the oviduct [6] . On the other hand, the application of ICSI for massproduction in subfertile or infertile transgenic mice, especially those of C57BL/6J genetic background, seems to be difficult due to technical difficulties as well as a variety of factors affecting survival rate, fertilization rate and subsequent embryonic development after ICSI [7, 8] . In fact, results of ICSI in C57BL/6 show low survival rates and poor post-implantation development compared with those in hybrid F1 such as (C57BL/6 × C3H/He)F1 and (C57BL/6 × DBA/2)F1 [8] .
In the present study, we examined the effectiveness of another technique in improving fertilization and subsequent embryonic development using low-motility spermatozoa of an infertile transgenic mouse strain. In this technique, the zona pellucida is partially incised u s i ng a p i e zo -m i c r o ma n i p u l a t o r ( Z I P ) , b e f o r e fertilization using low-motility spermatozoa. ZIP was first developed as a method for improving both fertilization rates in vitro and subsequent embryonic development in cryopreserved genetically modified C57BL/6J spermatozoa [6] . Our results indicate that ZIP is a useful technique for IVF of ova by low-motile spermatozoa and subsequent embryo transfer.
Materials and Methods
C57BL/6J female mice (CLEA, Tokyo), 8-12 weeks old, were induced to superovulate by intraperitoneal injection of 5 i.u. equine chorionic gonadotrophin (eCG; Serotrophin, Teikokuzoki Co., Tokyo) followed 48 hr l a t er b y i p in j ec t io n of 5 i. u . hu ma n ch o ri o ni c gonadotrophin (hCG; Puberogen, Sankyo Co., Tokyo). Freshly ovulated oocytes were collected from oviducts 15-16 hr after hCG injection. The oocytes were treated with 0.1% hyaluronidase (280 units/mg; H-3506, Sigma Chemical Co., St. Louis, MO) in TYH medium [9] to remove cumulus cells. Spermatozoa were collected from the cauda epididymis of genetically modified mature F1 male mice that had two lox P sequences (5' ATAACTTCGTATAGCATACATTATACGAAGTTAT 3') and a neomycin resistant gene (unpublished). They were immediately suspended in 200 µl TYH medium covered with paraffin oil (no. 261-37: Nakalai Tesque, Kyoto, Japan) and incubated for 90 min at 37°C under 5% CO 2 in air. Since this strain of transgenic mouse is infertile in natural mating, motility and other parameters of sperm function were examined using a sperm analyzer, IVOS (Hamilton-Thorne Research, Beverly, MA).
The holding pipette was prepared from a glass capillary tube (G1; Narishige, Tokyo, Japan). The capillary tube was heated and pulled using an automatic e l e c t r o m a g n e t i c p i p e t t e p u l l e r ( P -1 9 7 ; S u t t e r Instrument, Novato, CA). The tip of the pipette (~80 µm in diameter) was polished using a microforge (De Fonbrune, Beaudouim, France). The micropipette for ICSI was used as a ZIP pipette, which was prepared from a glass capillary tube (O.D: 1.0 mm, I.D: 0.75 mm; Sutter Instrument) using a pipette puller (Sutter Instrument) and had a blunt-end. The outer diameter of the tip of the ZIP pipette was approximately 7 µm. A small volume (~0.5 µl) of mercury was introduced into the ZIP pipette from its proximal end. The pipette was connected to a Fluorinert (F77, Sumitomo 3M Co., Tokyo)-filled syringe system of the piezo-electric actuator (model PMM 150 FU; Prime Tech, Ibaraki, Japan) attached to a micromanipulator (Leica, Wetzlar, Germany). The zona pellucida was then incised by the micropipette through the application of piezo pulses (controller setting: speed 1, intensity 2) while the pipette was moved along the surface of zona pellucida. The arc length of the ZIP was πr/6 µm ( Fig. 1) . Spermatozoa suspension was added to the medium containing the ZIP oocytes at a final concentration of 1.5 × 10 5 cells/ml. As a control, cumulus-intact oocytes were inseminated with the spermatozoa at a final concentration of 1.5 × 10 5 cells/ml. At 6 hr after insemination, the oocytes were washed three times in Whitten's medium [10] containing 100 µM EDTA [11] and cultured up to the 2-cell stage in 5% CO 2 in air at 37°C. Fertilization was defined by the number of embryos that had developed to the 2-cell stage at 24 hr after insemination. Two-cell stage embryos were subsequently transferred into the oviducts of the psuedopregnant recipients on 0.5 day post-coitum (dpc) [12] . The recipients were sacrificed on 19.5 dpc. All mice were housed in polycarbonate cages and maintained in a specific pathogen-free environment in light-controlled (lights-on from 05:00 to 19:00), and airconditioned rooms (temperature: 24 ± 1°C, humidity: 50 ± 10%). They had free access to standard laboratory chow (CA-1; CLEA Japan, Tokyo) and water. The animals used in this study were cared for and used under the Guiding Principles for the Care and Use of R e s e a r c h A n i m a l s p r o m u l g a t e d b y C h u g a i Pharmaceutical, Shizuoka, Japan.
D at a p r e se n t ed i n t hi s st u d y w e r e a n al y ze d statistically by Student's t-test (Table 1) and chi-square test (Table 2) . Differences between groups were considered significant when p was <0.01.
Results
The mean percentage of motile spermatozoa from transgenic mice was less than 60%, and lateral head displacement of the spermatozoa was 7.7-8.1 µm for both lines A and B of transgenic mice. The mean value of lateral head displacement of spermatozoa of transgenic mice was approximately 75% of that of C57BL/6J wild-type mic e ( Table 1 ). The mean percentage of motile spermatozoa, path velocity, track speed and lateral head displacement of spermatozoa from both transgenic mice were significantly lower than t ho se fr o m C 57 B L/ 6 J w il d-t yp e m i ce (P < 0 .0 1, respectively). The spermatozoa of C57BL/6J wild-type mice fertilized 79% (186/234) of oocytes using a conventional IVF method.
The partial incision of the zona pellucida did not compromise the survival of oocytes; the survival rate of C57BL/6J oocytes, subjected to zona pellucida incision by πr/6 µm long ZIP, was 96% (185/193). IVF of ZIP oocytes by low-motility spermatozoa from lines A and B transgenic mice was successful in 57% and 22% of oocytes, respectively. In contrast, only a few cumulusintact oocytes were fertilized by spermatozoa from lines A and B transgenic mice ( Table 2 ). The difference in fertilization rates between ZIP oocytes and cumulusintact oocytes was statistically significant for each line (P<0.01). These results indicate that the ZIP procedure significantly improved the in vitro fertilization ability of the low-motility spermatozoa of the transgenic mice. When ZIP zygotes at the 2-cell stage were transferred into oviducts, 20% and 11% of the transferred embryos that had been fertilized with lines ( T a b l e 3 ) . Approximately half of the newborns were identified as transgenic mice by Southern blot analysis (data not shown).
Discussion
Undoubtedly, IVF is an effective ART for reproduction in humans, mice and other mammalian spic es . However, the efficiency of IVF is influenced among other factors by the functional and kinetic properties of the spermatozoa [13] as well as the quality of oocytes [14] . The limitations of IVF could probably be overcome, at least in part, by combining the procedure with other ARTs such as PZD [15] and ZIP [6] . In fact, we have already reported that the use of cryopreserved mouse spermatozoa in IVF in combination with PZD resulted in a marked increase in fertilization rates [15] . In this regard, the new ART, ZIP, was developed to improve both fertilization rates in vitro and, more importantly, pre-and post-implantation development in vivo in mice [6] . This technique involves the creation of a partial incision of the oocyte using piezo pulses prior to fertilization. Application of the ZIP technique has been reported to markedly increase the IVF rates of cryopreserved genetically-modified spermatozoa of C57BL/6J mice and allow the successful transfer of zygotes into the oviducts of recipients [6] . The development rates of ZIP zygotes transferred at the 2-cell stage have been similar to those of 2-cell zygotes without ZIP [6] .
The piezo-electric actuator has also been used as an instrument for ARTs such as ICSI in the laboratory [7, 8, [16] [17] [18] [19] , domestic animals [20] [21] [22] and humans [23] [24] [25] , production of chimeric embryos [26, 27] and assisted hatching [28, 29] , as well as transgenesis [18] and cloning [30] [31] [32] [33] [34] [35] [36] . The piezo-electric actuator has been used mainly for injection of certain materials into the oocytes or embryos. We used IVF in combination with ZIP to overcome the infertility of a transgenic mouse strain. The zona pellucida of oocytes was easily incised/cut by ZIP without any additional treatment such as the use of hypertonic solution or subsequent successive washing as normally used in the PZD method [6] . The length of the incision made in the zona pell ucida using the ZIP te chnique wa s 26 µ m , representing about 8% of the perimeter of the zona pellucida of the mature mouse oocyte (~314 µm, Fig. 1 ). The incision allows eggs to be fertilized, which can be transferred to the oviducts of recipient animals [6] . In our study, none of the unfertilized ZIP oocytes developed to the 2-cell stage (data not shown), confirming that parthenogenetic activation similar to that reported in the zona opening procedure, of oocytes was not induced by ZIP treatment [37] . When the zona pellucida of C57BL/6J wild-type mice zygotes was incised by ZIP and such zygotes were subsequently transferred at the 2-cell stage into the oviducts of recipient mice, rates of implantation and embryonic development to full-term fetuses were not different from those of untreated control zygotes [6] . Consequently, it appears that ZIP treatment does not affect pre-and post-implantation development of mouse zygotes.
The transgenic mouse strain used in the present study exhi bited infertility in natural mating and subfertility in conventional IVF (Table 2 ). Our results show that ZIP significantly increased the fertilization rate using low-motility spermatozoa of transgenic mice (Table 2 ) and a proportion of fertilized ZIP zygotes developed to term after transfer of the embryo into the oviducts of recipient animals (Table 3) . These results clearly demonstrate that IVF in combination with ZIP is an effective ART for reproduction of infertile transgenic mice with low-motility spermatozoa, in addition to that reported for cryopreserved mouse spermatozoa [6] . Embryos at the 2-cell stage were transferred to the oviducts of recipients.
